A quadruple-reflector circular polarizer has been installed and tested at the U5UA beamline of National Synchrotron Light Source. With an intense and highly linearly polarized vacuum ultraviolet ͑VUV͒ undulator light source, the polarizer can produce pure circular polarization in the 20-50 eV photon energy range, enabling angle-and spin-resolved photoemission spectroscopy. The optical conditions for circularly polarized light ͑CPL͒ as well as the efficiency of the polarizer have been investigated and compared with calculation. Example valence band magnetic circular dichroism and spin-resolved photoemission spectra taken with CPL demonstrate the advantages of CPL in the VUV energy range.
I. INTRODUCTION
In recent years, the availability of circularly polarized light ͑CPL͒ at synchrotron radiation sources has steadily increased to meet the rising demand for CPL by various spectroscopic techniques. In particular, CPL has been successfully applied to investigations of magnetic materials, mainly taking advantage of magnetic circular dichroism ͑MCD͒ effects. 1 With the advent of third-generation light sources, new insertion devices ͑e.g., elliptical undulators 2 and wigglers 3 ͒ have provided more intense and brighter CPL than that from out-of-plane bending magnets. 4 Consequently, more demanding experiments, e.g., photoemission and microscopy, have become practically feasible using CPL. However, the energy range usually covered by these new sources is in the soft x-ray region. These high photon energies are not suitable for angle-resolved photoemission ͑ARPES͒, an experiment typically performed in the photon energy range 10-100 eV. Recently, it has been suggested that an efficient way to produce CPL at these low energies is to convert linearly polarized light into CPL using a quadruple-reflection ͑QR͒ circular polarizer. 5 Starting from linearly polarized light ͑LPL͒, the polarization of the emitted light is altered by reflections from a sequence of plane mirrors. At each reflection, owing to the different reflectivities for s-and p-polarized light, a relative phase shift is introduced between these two components. By appropriate choice of the incident polar and azimuthal angles, the accumulated phase shift can be made exactly /4, i.e., the transmitted light can be completely circularly polarized. 6 The U5UA undulator beamline at the National Synchrotron Light Source ͑NSLS͒, an intense and highly linearly polarized vacuum ultraviolet ͑VUV͒ light source in the photon energy range 10-200 eV, 7 is an ideal candidate for a QR polarizer. The addition of a QR circular polarizer is extremely convenient because it tailors the output polarization without any other change to the optical design of the beamline. Since this beamline, and its purpose-built endstation for valence band spin-resolved ARPES, are dedicated to the investigation of the electronic structure of magnetic surfaces and thin films, the addition of circular polarization at U5UA will enable new research programs with magnetic materials.
II. COMMISSIONING TESTS AND RESULTS
To test the performance of the QR polarizer, its degree of circular polarization and transmission have been measured. In order to measure the degree of circular polarization ͑P cir ͒ produced by our QR polarizer, we have constructed a polarization analyzer. Our analyzer consists of an Au-coated plane mirror and a rigidly connected VUV-sensitive photodiode 8 located downstream of the QR polarizer as shown in Fig. 1 . The angle of incidence on the plane mirror is 45°and the entire analyzer can be rotated around the photon beam axis by an angle while the diode intensity is monitored. Since the reflectivity of the 45°angle-of-incidence Au mirror is much higher for s-polarized light than for p-polarized light, we can selectively measure the intensity of the s-polarization component with this mirror. In the special case of pure CPL, the photodiode intensity should be independent of . By minimizing the photodiode intensity oscillations versus , the experimental condition for circular polarization, (␣,) cir , can be determined. Figures 2͑a͒ and 2͑b͒ show measured polar plots of the photodiode intensity as a function of -angle near the pure circular polarization condition at 40 eV photon energy. One can see that the very small amount of linear polarization introduced by slight angle deviations from the ideal (␣,) cir values makes quite noticeable changes in the shape of the -angle intensity profile.
The calculated and experimentally measured (␣,) cir values at various photon energies are shown in Fig. 2͑c͒ . The calculations were performed using the Stokes vector and the Mueller matrix formalism. 9 In our case, the circular polarizer is not the last optical element in the beamline. Rather, for space reasons, it is mounted just before the last refocusing Fig. 2͑c͒ , there are significant differences. The experimental values suffer a nearly constant offset of about 2°with respect to the calculated values. Furthermore, above 35 eV, the measured ␣ values are significantly smaller than expected from theory. The origin of these differences is the presence of second-and higher-order diffracted light from the grating, located upstream of the polarizer. Since the polarization of higher-order light remains mostly linear even at the pure circular polarization condition for first order, the measured (␣,) cir values no longer coincide with theory. In this case, measured (␣,) cir have to be set differently from the theoretical values in order to compensate for the high-order linear polarization effect.
An interesting point can be noticed by examining calculated degree-of-circular-polarization contour maps, examples of which are shown in Figs. 3͑a͒ and 3͑b͒ . It is apparent that the degree of circular polarization, P cir , is not a very strong function of ␣ or near 100% circular polarization. For example, near the optimum (␣,) cir values at 30 eV photon energy, there is a rather large region of the ͑␣,͒-plane ͑⌬␣ Ϸ10°, ⌬Ϸ5°͒ where the degree of circular polarization is larger than 95%. This region becomes even larger at higher photon energy, e.g., 60 eV. This tolerance means that we do not need to be so concerned with the precision of the polarizer motions and yet attain a high degree of circular polarization. For example, the backlash of the angular motions and slight misalignments can be ignored.
A critical parameter of any polarizer is its transmission. In our beamline, this parameter is difficult to determine experimentally owing to the presence of higher diffracted orders from the grating as just mentioned. Therefore, we have measured the photoemission intensity change of a metal Fermi level, with and without the polarizer, to reject contributions from higher-order diffracted light. As one can see in Fig. 2͑d͒ , in the low photon energy range usually used for ARPES ͑Ͻ50 eV͒, the transmission of the four-reflection circular polarizer is high enough to make it useful for fluxdemanding experiments such as spin-resolved photoemission spectroscopy. Also, greater than 50% circular polarization with high intensity can be achieved up to 120 eV in the high transmission mode, in which the figure of merit (TP cir 2 ͒ is maximized. One can see that the measured transmission values drop more rapidly than calculation at high photon energies because the mirror surface roughness decreases the mirror reflectivity more as the photon energy gets higher.
To demonstrate the usefulness of producing pure CPL in the 10-70 eV photon energy range, magnetic dichroism and spin-resolved photoemission ͑PES͒ spectra have been taken for a Fe/W͑110͒ sample with varying light polarization. Magnetic dichroism spectra ͓Fig. 4͑a͔͒ show that CPL produces dichroism in valence band PES spectra of ferromagnetic surfaces in a geometry where LPL does not make any difference upon magnetization reversal. 10 One can clearly see that CPL enhances the ⌺ 4 state, which is suppressed using linear light in the p-polarized geometry at normal emission. Also note that the dichroism signal is reversed with opposite polarization helicity. Spin-resolved PES spectra ͓Fig. 4͑b͔͒ demonstrate that the strength of the ⌺ 4 state in the majority spin band increases with higher degree of circular polarization. These spin-resolved PES spectra are examples of the so-called complete photoemission experiment, in which the polarization of both the incoming ͑photon͒ beam and the outgoing ͑electron͒ beam are under experimental control. This type of spectroscopy will have several applications in the spectroscopic investigation of solids. For example, the spin-polarized electronic structure of antiferromagnetically ordered materials will become measurable. 11 Furthermore, the use of CPL will introduce a preferential axis in the experiment so that even paramagnetic materials, previously inaccessible to spin-polarized PES, will now become experimentally accessible.
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III. CONCLUSIONS
A QR circular polarizer has been successfully installed and tested at the NSLS U5UA undulator beamline for spinresolved ARPES with circularly polarized VUV light. The intense undulator LPL has been changed to useful CPL by the QR circular polarizer in the 20-50 eV photon energy range.
MCD and spin-resolved PES spectra of the Fe/W͑110͒ valence band demonstrate that CPL enables some features, which are barely visible with LPL, to be seen clearly. The use of CPL is expected to expand the applicability of valence-band spin-resolved photoemission from ferromagnetic to antiferromagnetic and even paramagnetic material surfaces.
